In the last decade, besides the breakthrough of high-rate growth of chemical vapor deposited single-crystal diamonds, numerous nanostructured diamond films have been rapidly developed in the research fields of the diamond-based sciences and industrial applications. The low-dimensional diamonds of two-dimensional atomic-thick nanofilms and nanostructural diamond on the surface of bulk diamond films have been theoretically and experimentally investigated. In addition, the diamond-related hybrid nanostructures of n-type oxide/p-type diamond and n-type nitride/p-type diamond, having high performance physical and chemical properties, are proposed for further applications. In this review, we first briefly introduce the three categories of diamond nanostructures and then outline the current advances in these topics, including their design, fabrication, characterization, and properties. Finally, we address the remaining challenges in the research field and the future activities.
Introduction
Diamond has been deeply investigated and widely applied in numerous fields because of its unique properties of wide band gap, high thermal conductivity, hardness, good chemical stability, chemical inertness, high temperature stability, inherent biocompatibility, and so forth, which make it suitable for use in various high performance optoelectronic devices. In addition to conventional bulk diamond crystals (e.g., chemical vapor deposited (CVD) single crystal diamonds and polycrystalline diamond films), the fabrication and properties of diamond-related nanostructures have attracted a significant amount of interest [1] . Designing new nanostructures of diamond and exploiting novel properties become an important hot topic in current researches. With increasing the interest of two-dimensional (2D) graphene in the recent decade since 2004 [2] , the atomic-thickness 2D diamond nanofilms without and with surface functional terminations have emerged [3] [4] [5] [6] [7] . These nanofilms have smaller band gaps and varying magnetic properties with respect to those of the bulk diamond, which are strongly dependent on layer number ( ) and surface functionalizations. This new category of diamond has been constructed, though the most researches are based on theoretical calculations thus far. The other low-dimensional nanodiamonds (e.g., nanowires, nanopits, and nanotips) have been experimentally generated by "topdown" approach [8, 9] on the surface of bulk single-crystal diamonds and/or polycrystalline diamond films and show some excellent optical, electronic, and biological properties. The third category of heterojunction structures consists of various nanosized semiconducting materials and bulk polycrystalline diamond films (single-crystal diamonds), which are favorable for achieving high performance optoelectronic devices. The nanosized materials are generally of n-type metallic compounds (such as zinc oxide ZnO [10, 11] , titania TiO 2 [12] , and gallium nitride GaN [13] ) deposited on the p-type diamond. In this review, we discuss and summarize the recent developments of fabrications, characterizations, properties, and potential applications based on the above three diamond-related topics. These works in the recent 10 years will be beneficial to the future development of diamond material with more novel structures and better properties for applications. carbon), various new nanostructures (such as fullerene [14] , carbon nanotubes [15] , graphene [2] , and diamond clusters [16] ) have appeared in the family of carbon. In 2007, full hydrogenation on both sides of graphene (with C x H x ), referred to as "graphane," was theoretically predicted [5] , and this configuration with buckling feature is similar to that of hydrogenated diamond (111) planes. Chernozatonskii et al. considered a C 2 H nanostructure [6] based on bilayer graphene to constitute a 2D hydrogenated ⟨111⟩ diamond film with a thickness of less than 1 nm, which is called "diamane." It was theatrically demonstrated that C 2 H diamane is more stable than CH graphane. Both hydrogenated diamondlike films (graphane and diamane) have relatively wide band gaps narrower than that of bulk diamond within 1 eV [5, 17, 18] . These early works open up a new research area of low dimensional diamond. Figure 1 shows the atomic geometry of the 2D carbon nanofilms [19] . The authors summarized the calculated formation energy and band gap width of different hydrocarbon structures as a function of hydrogen content. Zhu et al. investigated the layer number (n) dependent formation and electronic properties of hydrogenated 2D diamond nanofilms originated from few-layer graphene [3] . The band gap monotonically decreases with the increasing thickness (i.e., ), reflecting a quantum confinement effect (Figure 2(a) ). Due to the presence of hydrogen passivated surface, the tunable gaps are localized in a region lower than that of bulk diamond. Based on building blocks of C 35 and C 84 with octahedral morphology, Li and Zhao [7] described the structurally optimized few-layer (six-layer) 2D diamondrelated nanostructure (nanoflake) having a diamond matrix covered with graphite fragments. As shown in Figure 3 , the two outmost layers were delaminated and partially graphitized having a nonsymmetrical reconstruction. It revealed that the stability of these 2D diamond nanofilms generally requires termination with functional groups or reconstructive sp 2 -carbon surface. Different from the previous first-principles calculations based on few-layer graphene and building blocks of carbon clusters, Li et al. [4] performed n-dependent structural optimization of 2D diamond nanofilms (Figure 4 ) beginning from the original diamond (111) layers without termination of foreign atoms, cleaved from bulk cubic diamond with single-dangling-bond surface. At ≤ 5, the films are relaxed into a few graphene layers, whereas for 6 ≤ ≤ 11, a gradient-graphite-diamond-like (GGDL) structure with gradient changes of interplanar spacing and buckling feature is predicted. A threshold = 12 is determined to realize the thinnest two-dimensional (111)-oriented diamond film. For ≥ 12, the diamond phase is energetically stabilized. The effects of semihydrogenation (SH) and full hydrogenation (FH) on the structural evolution and properties of 2D diamond nanofilms were further investigated [20] . Both of the hydrogenation processes play an important role in stabilizing the 2D diamond structures. Interestingly, for the SH cases, Journal of Nanomaterials The initial structure (a) and the deformation electron density picture (b) for the two-dimensional (2D) diamond nanoflakes with 6 layers after structural geometry optimization generated from cuboctahedral nanodiamond C 142 as the building block [7] .
the spin-related band gaps are in an infrared region of 0.74-1.17 eV (Figure 2(b) ), and a ferrimagnetism characteristic is presented determined by the unpaired electrons on the outmost 3 layers on nonhydrogenated side ( Figure 5 ) which are strongly dependent on . Layer-by-layer partial density of states (PDOS) revealed that the carbons with dangling bonds near the surface determine the tuning electronic and magnetic properties of 2D diamond nanofilms [4, 20] . For the novel ultrathin diamond nanofilms, it is desirable to know how defects and dopants can tune the corresponding electronic properties. Fyta [21] recently theoretically investigated the electronic structure of diamane by introducing dopants of boron, nitrogen, sulfur atoms, and defects of nitrogen vacancy (NV) with different charged states. As a general remark (summarized in Table 1 ), adding dopants or defects closes the energy gap of ideal diamane films as these provide available electronic states within that gap. The amount of band gap reduction is associated with the chosen dopants or the charge state of the NV defect. Adding a dopant with a large size mismatches to the lattice and leads to a tendency to stabilize the doping atoms at surface, and, accordingly, the electrons are localized around the dopant the practical application. Li et al. [4, 20] pointed out possible routes to experimentally realize the freestanding layered 2D diamond by laser ablation from bulk diamond and/or find these nanosized diamond layers from ball milling and detonation products. CVD technique is a suitable method to obtain mass products of the atomically thin diamond films. To obtain the hydrogenated diamond films, treating in H 2 ambient (at high temperature and/or in H 2 plasma) for 2D pure nanofilms or transition from hydrogenated few-layer graphene under high pressure might be feasible. Through the first-principles density functional theory calculations, Odkhuu et al. [22] investigated the transformation of a few layers of graphene (with hydrogenation or fluorination on the outer surface of the top graphene layer) into sp 3 -bonded thin overlayers (also named as diamond-like layer) on metallic surfaces (Co, Ni, and Cu) ( Figure 6 ). Strong hybridization between the sp 3 dangling bonds orbitals and the metallic surface d 2 orbitals stabilizes the sp 3 -bonded carbon layers.
And, it was speculated that the metal/sp 3 carbon interfaces might be a new candidate for superconductivity study. The computational results suggest a route to experimental realization of large-area ultrathin sp 3 -bonded carbon films on metal surfaces.
Most recently, Kvashnin et al. [23] further theoretically demonstrated that few-layer graphene can undergo phase transformation into thin diamond film under reduced or no pressure, if the process is facilitated by hydrogenation of the surfaces. Such a "chemically induced phase transition" is inherently nanoscale phenomenon, when the surface conditions directly affect thermodynamics, and the transition pressure depends greatly on film thickness. The role of finite diameter of graphene flakes and possible formation of the diamond films with the (110) surface was described. Later, Antipina and Sorokin [24] used H, H 2 , F, F 2 , H 2 O, and NH 3 as the adsorbates to produce high-quality films of diamond from few-layer graphene at different temperatures and pressures by ab initio calculations. The functionalized cubic or hexagonal diamond films with specific surface would show well-defined properties.
Summarily, the above results underline the strong differences of the structures and properties of those atomically thick 2D diamond nanofilms compared to bulk diamond, and these should have implications in various potential nanoelectronical applications.
Nanostructural Surface of Bulk Diamond Film
As diamond is an important material for its outstanding properties in many aspects, fabrication of micro/nanodiamond (films) is essential to enhance the intrinsic properties and to find new properties for fully realizing the potentials of diamond in numerous research fields. The designs of formatting diamond micrometer-and nano-structures generally include two approaches of "bottom-up" and "top-down". In this review, we focus on the "top-down" method that has widely been applied because of its controllability, variety, and large area. Up to now, various top-down nanofabrication techniques have been explored for well-designed diamond nanostructures [8, 9, 25-37].
Journal of Nanomaterials Figure 6 : The energetics of conversion of bilayer graphene into sp 3 carbon film on metal surface. For details see [22] .
In 1997, Shiomi [8] realized nanosized columnar structure from polycrystalline diamond films by reactive ion etching (RIE) in O 2 /CF 4 plasma and the examined electron field emission characteristics were improved, which triggered activities of fabricating nanostructures on diamond films. Masuda et al. (in 2000 [9] ) introduced ordered through-hole anodic porous alumina membranes employed on top of both undoped and boron-doped p-type CVD diamond films and then fabricated nanohoneycomb diamond film using a radiofrequency driven (at 13.56 MHz) oxygen plasma etching treatment ( Figure 7 ). Fine structures with a high degree of ordering can be obtained over large areas (∼1 cm 2 ) controlled by changing the geometrical structure of the porous alumina membrane mask. The through holes in the masks have high aspect ratios (depth-to-diameter) compared to those used in conventional lithography. Using the nanohoneycomb diamond as electrodes, it is found that the capacitance values increased depending on the pore dimensions, and a film of pore diameter 400 nm and pore depth 3 m exhibited a 400-fold increase in the capacitance (3.91 × 10 −3 F cm −2 ) in comparison to an as-deposited surface film (Figure 7(c) ) [25] .
By depositing gold nanodots as etching masks on the as-grown polycrystalline nanodiamond (ND) and microdiamond (MD) films, Zou et al. (in 2008 [26] ) fabricated highdensity uniform diamond nanopillar arrays by employing bias-assisted RIE in a hydrogen/argon plasma ( Figure 8 ). The formation of nanopillar structure is associated with the directional physical etching/sputtering by ion bombardment and selective chemical etching of sp 2 carbons by reactive hydrogen atoms and ions. The density and geometry of these nanopillars were determined by the initial structure of diamond films and reactive ion etching conditions. These nanopillars have potential applications in high performance diamond-based biomedical and chemical sensors and in mechanical and thermal management.
Using the similar nanoassembled Au nanoparticles (NPs) as the mask, another type of hybrid structure of Au-NP/diamond-nanopit has been fabricated on single-crystal diamond by oxygen plasma etching (Figure 9(a) ) [27] [28] [29] , where the diamond-nanopits are different to diamond nanopillars and/or nanowires arrays generated from polycrystalline diamond films having abundant grain boundaries Journal of Nanomaterials Journal of Nanomaterials [30, 31] . [26] . The three-dimensional finite-difference time-domain (FDTD) simulations revealed strong localized surface plasmon resonance (LSPR) scattering and enhanced electric field exhibited by this hybrid nanoassembled-metal/diamondnanopit (Figure 9(b) ). Experimentally, with excitations at 633 and 830 nm close to the calculated LSPR wavelength, the photoluminescence (PL) intensities of the peak at 738 nm originating from the single-photon source of silicon vacancy (SiV) centers in diamond were significantly enhanced by factors of ∼100 and ∼50, respectively, with respect to that from normal Si-doped diamond without the hybrid structure [27] . This structure could also realize a larger surface enhanced Raman scattering (SERS) enhancement factor [28] . Because of the unique advantages of diamond, the diamond-nanopit structure can serve as a robust structural template for fabricating various membranes with pyramid-structured surface [29] .
The other strategy of mask is using diamond nanoparticles [30] [31] [32] . By depositing diamond nanoparticles and following a RIE in an O 2 /CF 4 gas mixture, Yang et al. [30] realized diamond nanowires on boron-doped single-crystalline CVD diamond films after a top-down procedure ( Figure 10) . As an electrode, the active area of diamond nanowires has been significantly enhanced. Furthermore, the tip-modified diamond nanowires are promising with respect to biosensor applications. When used as DNA sensor, the sensitivity is about 100 to 1000 times better, compared to published data available in the literature, where comparable DNA strands have been used with comparable redox mediator molecules on planar gold electrodes, gold nanowires, and diamond [31] . Based on the similar method, Lu et al. fabricated vertically aligned diamond nanoneedles on polycrystalline diamond nanofilms [32] . Gas sensing measurements with the diamond nanoneedles were performed at room temperature for both reducing (NH 3 ) and oxidizing (NO 2 ) gases. Due to the increased surface area-to-volume ratio and nanotip effect of the diamond nanoneedles, great enhancements of chemical sensing ability and sensitivity were presented compared with the unmodified nanodiamond films.
The development of a robust light source that emits one photon at a time will allow new technologies such as secure communication through quantum cryptography. Luminescent centers in diamond (e.g., nitrogen vacancy (NV) centers) have recently emerged as a stable source offering spin quantum bits with optical readout. Hausmann et al. [33] and Babinec et al. [34] demonstrated a single-photon source composed of a NV center in a diamond nanowire on the (100) crystal plane (Figure 11 ), which produces ten times greater flux than bulk diamond devices, while using ten times less power. The diamond nanowires were fabricated from a mask patterned diamond crystal by RIE with oxygen plasma. This result, as well as that for SiV enhancement [27] , enables a new class of devices for photonic and quantum information processing based on nanostructured diamond and could have a broader impact in nanoelectromechanical systems (NEMS), sensing, and scanning probe microscopy. For further investigating the advanced single-photon properties of NV center, Jiang et al. [35] developed an overlay patterning method for fast, designable, and controllable fabrication of various three-dimensional (3D) diamond micro/nanostructures on (100) plane with focused-ion-beam (FIB) milling. Diamond solid immersion lens and nanopillar with NV center placed at the designed location could enable efficient single-photon collection by overcoming the total internal reflection at the diamond/air interface. The enhancements of about tenfold of the single photons collection rate, well-reserved long electron spin dephasing time, and single-photon emission properties have been obtained. In 2014, Neu et al. [36] fabricated nanophotonic structures of diamond nanopillars on (111)-oriented single-crystalline CVD diamond. The authors demonstrated that this crystal orientation offers optimal coupling of NV center emission to the nanopillar mode and might thus be advantageous over previous approaches with (100) crystal orientation. High saturated fluorescence count rates around 10 6 counts per second were realized based on these nanopillars.
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Combining procedures of carbon ion implantation, photolithography, and electron beam lithography and RIE, Liao et al. [37] designed and fabricated the suspended single-crystal diamond nanowires with well-controlled dimensions in batches for NEMS ( Figure 12 ). All-single-crystal diamond NEM switches were demonstrated using these nanowires with high reproducibility, high controllability, repeated switching, and no stiction. Diamond switches not only overcome the stiction and abrasion problems in existing electromechanical switches, but also circumvent the shallow doping problem. The concept and technology in this work would be helpful for promoting the rapid developments of the next generation of high performance NEMS.
Diamond-Related Nanoheterojunction
Combining oxide or nitride semiconductors with diamond substrates attracts great attention mainly motivated by the lack of efficient p-type doping in the oxides (nitrides) and n-type doping in diamond, respectively. The complementary configuration of these wide band gap materials with p-type boron-doped diamond and n-type oxides (ZnO, TiO 2 ) and n-type nitrides (GaN, AlN) has been most widely studied recently [10] [11] [12] [13] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] . Generally, growth of oxides and nitrides films on diamond remains challenging due to the high difference in the thermal expansion coefficients and large lattice mismatch (leading to structural imperfections) and relatively less efficient performance of devices. Compared with continuous bulk films, the low-dimensional structures (e.g., nanorods, nanowires, and nanotubes) with a high ratio of surface to volume, defect-free, and enhanced quantum effect are expected to yield much better structural quality and do not suffer from thermal mismatch on diamond, consequently improving the performances of the hybridized structural devices. In this part, we focus on three structures of ZnO/diamond, TiO 2 /diamond, and GaN/diamond, where the oxides and nitrides are of nanosized feature.
ZnO is an important semiconductor having unique properties of wide direct wide band gap (3.37 eV) and large exciton binding energy (60 meV) at room temperature. The combined structures of diamond and ZnO have been paid more attention to fabricate semiconductor heterojunctions [52] . Previously, the existing form of ZnO was generally performed as film deposited on diamond wafer [53] . In recent decade, ZnO-related nanostructures and the corresponding nanooptoelectronic devices have been extensively studied [54] . The heterojunctions based on ZnO nanostructures were generally grown on silicon [55] , GaN [56] , sapphire [57] , and diamond [11, 39, 41] . Experimentally, the performances of the diamond-related biosensor electrodes have been significantly improved by modifying ZnO nanorods (NRs) (Figure 13 ) synthesized using the sol-gel method [10] . Li's group reported the growth of ZnO NRs on CVD diamond by thermal vapor transport [11, [38] [39] [40] and hydrothermal methods [41] . Using the former method, in the initial growth status, the semispherical ZnO nuclei were preferably deposited near the growth steps on the terraces and the boundaries of diamond grains. With increasing the growth time, the [0001] orientated ZnO nanorods with large aspect ratio appeared and further covered the whole diamond film, as shown in Figure 14 . Furthermore, the epitaxial relation between the (0001) ZnO and (111) [39, 42] , while the relation between the (0001) ZnO and (100) diamond is mainly of (0001)[0001] ZnO//(101)[101] diamond [39] .
As doped and/or unintentionally doped ZnO is generally n-type semiconductor and p-type diamond is easy to be realized by boron doping, the hybrid n-ZnO NRs/p-diamond heterojunctions have been constructed [11, 39] . For a nZnO NRs/p-diamond heterojunction with degenerated ptype diamond (heavily B-doped diamond having a higher carrier concentration at 10 20 /cm 3 order of magnitude) especially, a negative differential resistance (NDR) phenomenon was evidently presented in the corresponding -plot (Figure 15 ), which can be attributed to the tunneling current in the structure [39] . Since both diamond and ZnO are important high-temperature semiconductor materials, the temperature-dependent electrical properties of the nZnO NRs/p-diamond heterojunctions were studied and the corresponding parameters varied at different temperatures [11] . At relatively high temperature, the ohmic behavior and the carrier injection has been improved. And at higher voltages, the injected current of the heterojunction follows the trap-free space-charge-limited current (SCLC) law with the exponent close to 2 because the traps states will be filled by larger thermally activated carriers. These results emphasize the suitability for fabricating n-ZnO/p-diamond-based high frequency, high power, and high temperature optoelectronic nanodevices.
Another important metal oxide of TiO 2 has attracted considerable attention because it is especially suitable for applications in the fields of photocatalytic degradation of pollutants, hydrogen generation from photoelectrocatalytic water splitting, dye-sensitized solar cells, and so forth [58] . The applications of TiO 2 as photocatalysts are encumbered to a certain extent by the relatively low quantum yield that is normally caused due to rapid recombination of photogenerated electrons and holes. In order to enhance the quantum yield, a heterojunction structure has been further introduced because the heterojunction could provide a potential driving force (the internal electrostatic potential in the space charge region) to reduce the recombination of photogenerated charge carriers. Highly efficient photocatalysts have been realized by n-type anatase TiO 2 film joined to CVD p-type boron-doped diamond (BDD) [43, 44] , which has unique properties of wide electrochemical potential window, long-term response stability, high level of mechanical strength, and chemical corrosion resistance. Compared with continuous TiO 2 films, low-dimensional TiO 2 structures (e.g., nanotubes, nanorods), which possess a high ratio of surface to volume and provide a convenient way for photogenerated carriers to transfer to the reaction surfaces, lead to improved photocatalytic efficiency [45, 46] . In [47, 48] , TiO 2 nanoparticles (nanotubes) have been deposited on BDD film by a spin coating method for applications in electrochemical reactivity (electro-and bioelectrocatalysis). By a liquid phase deposition (LPD) method using a ZnO nanorod template, the vertical anatase TiO 2 nanotube (TiNT) arrays were directly grown on a CVD BDD film, and the fabricated n-type TiNT/p-type BDD (n-TiNT/p-BDD) heterojunctions showed highly efficient photocatalytic activities for the decomposition of azo dye C.I. reactive yellow 15 (RY15) [12] . The increased ability to separate photogenerated charge carriers by the pn junction (n-TiNT/p-BDD) would enhance the photocatalytic activity. Additionally, the TiNT array structure provides more active positions for the photocatalytic processes exposed to UV light, and the loose TiNTs are favorable for permitting more UV light to reach the BDD side through TiNTs with respect to the case of TiO 2 film on BDD.
In 2015, different to depositing TiO 2 on diamond, Siuzdak et al. [49] reported on novel composite nanostructure of thin BDD films (thickness of ∼200-500 nm) grown on top of asfabricated TiO 2 nanotubes (Figure 16 ). The nanostructures made of BDD-modified TiO 2 nanotubes showed an increase in activity and performance when used as electrodes in electrochemical environments. The substantial improvement of electrochemical performance and the excellent rate capability could be attributed to the synergistic effect of TiO 2 treatment in CH 4 /H 2 plasma and the high electrical conductivity of BDD layers. In recent years, the field of GaN-based nanowires (NWs) has made substantial progress as a possible alternative to planar structures for light-emitting diodes, laser diodes, sensing applications, photovoltaics, and catalysis. Schuster et al. [13, 50, 51] reported on the fabrication, characterization, and properties of the low-dimensional GaN structures on diamond, which provide important information for realizing high performance optoelectronic nanodevices in the UVspectral range and the electrical control of NV centers in diamond. By plasma-assisted molecular beam epitaxy, the self-assembled epitaxial GaN NWs with an excellent crystalline quality were vertically grown catalyst-free on (111) single crystal diamond (Figure 17) . A strong and sharp excitonic emission in the PL spectrum reveals excellent optical properties superior to state-of-the-art GaN NWs on silicon substrates [13] . The position-controlled growth of GaN NWs on diamond substrates with the help of structured titanium masks was demonstrated, and a transition from a nanowire toward a nanotube growth mode was observed [50] . The controlled fabrication of GaN nanotube arrays will be of interest for applications benefiting from a high surfaceto-volume ratio. Furthermore, the authors addressed the different aspects of GaN nanowire doping (Si and Mg) [51] . The GaN NWs density and strains state, distributions of dopant concentration and charge carriers, and optical properties related to the doping in NWs have been investigated. The results help to understand and control the mechanisms of doping in GaN nanostructures on diamond to intentionally tailor their electric and optical properties for device fabrication. Nanowires Nanotubes Figure 17 : From left to right: cross-section high-angle annular dark-field STEM of an exemplary GaN NW on diamond substrate; tilted-view SEM images of as-grown GaN NWs on diamond (top), HRTEM image of the interface region (bottom); temperature-dependent PL spectra of GaN NWs on diamond with typical NBE shift due to band gap shrinkage [13] ; selective area grown GaN NW arrays without (top) and with a hole (bottom) [50] .
Conclusion and Outlook
In this review, we gave a very recent overview of diamondrelated nanostructures, especially including the three types developed in the current decade. The atomically thick 2D fewlayer diamond nanofilms with and without varying surface functionalization have been theoretically predicted, and the corresponding optimized structures and the electronic and magnetic properties are calculated showing differences from that of bulk diamond. The challenge of those 2D nanofilms is to find a feasible route to experimentally realize in large sizes (e.g., more than tens and hundreds of micrometers) for practical application. Some possible approaches have been mentioned in the text. As for the nanostructural surface of diamond films, which are generally obtained by top-down approach following various etching processes (with designed mask patterns), great achievements have been made in plasmonic enhancement, single-photon source, electron field emission, and biologic sensing for the potential applications. The technologies of feasibility, low cost, large scale, high accurate controllability, and novel structures are quite desirable to be developed to meet the growing demand. The heterostructures combined of nanosized ntype oxides (nitrides) and bulk p-type diamond have been experimentally fabricated to overcome the lattice mismatch, lack of efficient p-type doping in the oxides and nitrides and n-type doping in diamond, and structural imperfections in the interface region. However, depositing high quality and highly orientated nanosized oxides (nitrides) on (100)-oriented diamond, which is of high quality grown by CVD process, is difficult to be realized due to the large lattice mismatch between the hexagonal/tetragonal oxides (nitrides) and the cubic (100) diamond facet. Suitable buffer layer and/or optimized growth conditions (e.g., temperature, bias enhanced nucleation, and/or pretreated substrate) should be provided to achieve the goal. In short, this review reveals the current key issues, opportunities, and challenges facing present and future researches on diamond material with various nanostructures for advancing in commercial applications.
